The goal of this study was to develop a new surrogate challenge model for use in evaluating protective cell-mediated immune responses against hepatitis C virus (HCV) antigens. The use of recombinant Listeria monocytogenes organisms which express HCV antigens provides novel tools with which to assay such in vivo protection, as expression of immunity against this hepatotropic bacterial pathogen is dependent on antigenspecific CD8 ؉ T lymphocytes. A plasmid DNA vaccine encoding a ubiquitin-NS3 fusion protein was generated, and its efficacy was confirmed by in vivo induction of NS3-specific, gamma interferon-secreting T cells following vaccination of BALB/c mice. These immunized mice also exhibited specific in vivo protection against subsequent challenge with a recombinant L. monocytogenes strain (TC-LNS3) expressing the NS3 protein. Notably, sublethal infection of naive mice with strain TC-LNS3 induced similar NS3-specific T-cell responses. These findings suggest that recombinant strains of L. monocytogenes expressing HCV antigens should prove useful for evaluating, or even inducing, protective immune responses against HCV antigens.
Infection with hepatitis C virus (HCV) represents a major disease problem in the United States and worldwide. As of 1998, approximately 3.9 million people in the United States were infected with HCV, and it has been estimated that over 40% of chronic liver disease cases in the country are HCV related, resulting in 8,000 to 10,000 deaths annually (1) . Clearly, there is a need to develop effective new therapies and vaccines for treating and preventing this viral disease, and the development of an effective HCV vaccine will require a better understanding of the protective immune response to this viral infection.
Progress in characterizing the protective immune response to HCV infection has been slow, reflecting in part the limited host range (i.e., humans and chimpanzees) for this virus. Nevertheless, the importance of a protective cell-mediated immune response in preventing viral disease has been suggested by several studies. For example, antigen-specific CD4 ϩ and CD8 ϩ T-cell responses against HCV antigens were observed in the absence of an apparent humoral response or detectable viremia in individuals who did not develop chronic HCV disease following likely occupational exposure (29) , suggesting that a vigorous T-cell response can lead to clearance of HCV infection. Memory CD8 ϩ T-cell responses to HCV structural and nonstructural proteins have also been detected from healthy family members of chronically infected HCV patients (40) , indicating that the HCV-specific CD8
ϩ T-cell response may protect these exposed family members. In addition, it has been proposed that a strong cytotoxic T lymphocyte (CTL) response and adequate CD4 ϩ T-cell help, especially Th1 T lymphocytes, are important for resolution of HCV infection (13, 18, 34) . Furthermore, analyses of the acute phase of viral infection in both chimpanzees (11) and humans (14, 31, 43) suggest that a broad and vigorous early CD8 ϩ CTL response is necessary for successful clearance of the viral infection. Clinical HCV studies have also indicated that the Th1 CD4 ϩ T-cell response is essential for sustaining the effector function of the protective antiviral CD8 ϩ T cells (27) . In summary, these findings suggest that any successful vaccine against HCV infection must generate a strong multispecific CD4 ϩ and CD8 ϩ cellular response.
One potential vaccine strategy that satisfies the requirement for CD4
ϩ and CD8 ϩ T-cell stimulation is genetic immunization. Induction of T-cell responses by plasmid DNA vaccines has been demonstrated in a variety of experimental systems, including that of injecting mice with plasmid DNA constructs that encode different HCV structural and nonstructural proteins (9, 16, 19, 30, 39, 44) . Although the in vitro and ex vivo analyses of the induced immune responses have been promising, the lack of a suitable small-animal model for HCV prevents the evaluation of the in vivo efficacies of these experimental DNA vaccines.
To partially address the need for additional surrogate smallanimal models for this viral disease, we initiated studies which use recombinant Listeria monocytogenes bacteria that express HCV antigens. Several features of the murine model of listeriosis led us to believe that this would be an informative system in which to generate and evaluate immune responses to HCV antigens. First, L. monocytogenes is an intracellular pathogen that has been shown to infect and replicate within hepatocytes both in vitro and in vivo (20, 26, 37) . Second, numerous studies have demonstrated that a strong antigen-specific CD8 ϩ T-cell response is required for expression of protective immunity to L. monocytogenes (4, 33) . Third, these antigen-specific CD8 ϩ effector cells can specifically recognize L. monocytogenes-in-fected hepatocytes (7, 22, 26) . And finally, recombinant L. monocytogenes strains have been used previously to express foreign antigens in other experimental viral disease models, including those for lymphocytic choriomeningitis virus (41), influenza virus (24) , and human immunodeficiency virus (17) . Therefore, we reasoned that infection of experimental mice with recombinant L. monocytogenes expressing HCV antigens would provide a useful animal model for in vivo expression of protective immunity to specific HCV proteins. In these studies, we focused on generating responses to the HCV NS3 protein, as previous data have indicated that NS3-specific T-cell responses are correlated with spontaneous resolution of infection and low viral load (38) .
To establish this model, we first generated plasmid DNA vaccines that encoded HCV core or NS3 proteins that would induce an antigen-specific cell-mediated immune response in the mouse. To enhance the T-cell responses to the HCV antigens in this model, we used vectors that express HCV antigens as ubiquitin fusion proteins. Previous studies have shown that immunization with DNA vaccine vectors encoding ubiquitin fusion proteins favors enhanced CTL responses and decreased antibody responses (15, 36, 42, 46) . We also produced a recombinant strain of L. monocytogenes that expresses the HCV NS3 protein. These recombinant tools were then used to induce and evaluate NS3-specific immune responses in experimental mice, as indicated by in vitro ELISPOT assays and in vivo protection assays. In our initial findings reported here, we demonstrate that immunization of BALB/c mice with plasmid DNA encoding a ubiquitin-NS3 fusion protein induced NS3-specific CD8
ϩ T-cell responses that provided specific protection against recombinant L. monocytogenes expressing the NS3 protein.
MATERIALS AND METHODS
Plasmid DNA constructs. Based on genomic sequence data from HCV serotype 1a (GenBank accession number M16321), specific oligonucleotide primers were generated, and regions encoding the core and NS3 proteins (amino acids [aa] 1 to 177 and 1027 to 1656, respectively [relative to the full-length HCV 1a FIG. 1. Deduced amino acid sequence of the NS3 fragment of pUb-NS3 and the recombinant L. monocytogenes strain TC-LNS3. The NS3 inserts of pUb-NS3 and TC-LNS3 were fully sequenced (VA Medical Center Molecular Biology Core Lab) and differed somewhat from the published sequence (GenBank accession number M62321), resulting in what were deduced to be several amino acid changes. Shaded boxes indicate sequence differences between pUb-NS3, TC-LNS3, and M62321 (which was used as the reference for synthesis of the 15-mer peptides). Underlined text indicates the positions of peptides NS3 1407-1421 and NS3 [1535] [1536] [1537] [1538] [1539] [1540] [1541] [1542] [1543] [1544] [1545] [1546] [1547] [1548] [1549] . Note that aa 1632 to 1656 are not expressed from pUb-NS3 or by TC-LNS3 due to the inadvertent introduction of a stop codon (*) at position 1632. Also, aa 1616 to 1656 are not represented in the synthetic peptide pools. (Fig. 1) . Production and characterization of recombinant L. monocytogenes. The recombinant L. monocytogenes strain TC-LNS3 was created essentially as described previously by Shen et al. (41) . First, the NS3 coding sequence was fused in frame to the promoter and signal sequence of the listeriolysin (LLO) gene in plasmid pEJ140 (kindly provided by J. Miller, University of California, Los Angeles), thus creating an antigen expression cassette that will direct expression and secretion of the fusion protein in L. monocytogenes as driven by the LLO promoter. This antigen expression cassette, which also carries the aphA3 gene conferring kanamycin resistance, was then spliced into the NotI site of the homologous recombination vector pLMD3 (J. Miller) to create pLMD3-NS3. In addition to a 5.6-kb fragment of L. monocytogenes genomic DNA, pLMD3 also carries a temperature-sensitive origin of replication which allows for conditional replication in gram-positive bacteria. After selecting for bacteria that had undergone allelic exchange (41) , putative recombinants were screened by PCR and Southern blot analysis to confirm the genomic insertion of the antigen expression cassette and the loss of the pLMD3 vector backbone. Reverse transcriptase PCR and Western blot analyses were also performed to confirm NS3 mRNA and protein production (data not shown).
Cell lines, synthetic peptide reagents, and recombinant antigens.
Bevan, University of Washington, Seattle) was maintained in antibiotic-free RPMI 1640 medium (Invitrogen) that was supplemented with 10% fetal bovine serum (FBS) and 200 g of Geneticin (Invitrogen) per ml. Overlapping 15-mer NS3 peptides spanning the HCV NS3 protein (aa 1007 to 1615) derived from HCV-1 (genotype 1a; accession number M62321) were synthesized by the Natural and Medical Sciences Institute at the University of Tuebingen (Ruetlingen, Germany). These 15-mer peptides (overlapping by 11 aa) were grouped into 15 pools of 10 consecutive peptides each or were used individually. The individual peptide, designated NS3 1540-1548 (RAYMNTPGL, representing aa 1540 to 1548 of the fulllength HCV polyprotein), was synthesized at the Portland Veterans Affairs Medical Center with a Synergy apparatus (Applied Biosystems, Foster City, Calif.) by using standard 9-fluorenylmethoxy carbonyl chemistry. To generate recombinant antigens for immunization, the core and NS3 genes (described above) were inserted into the pProExHT prokaryotic expression system (Invitrogen Life Technologies), and histidine-tagged core or NS3 antigens were produced and purified according to the manufacturer's instructions.
Mice and immunizations. Four-to five-week-old female BALB/cJ mice purchased from The Jackson Laboratory (Bar Harbor, Maine) were housed with unrestricted access to food and water and were treated in accordance with the animal care policies of the Institutional Animal Care and Use Committee and the Veterinary Medical Unit of the Department of Veterans Affairs Medical Center. For immunization with the plasmid constructs, 6-to 8-week-old mice received the first of a series of three intramuscular (i.m.) immunizations (via the tibialis anterior muscles) at 3-to 4-week intervals with 125 to 150 g of plasmid DNA in 100 l of normal saline (50 l per leg). For immunization with recombinant histidine-tagged core and NS3 antigens, each mouse received, by i.m. injection (50 l per quadriceps muscle), 25 g of recombinant antigen that was emulsified 1:1 with Titermax adjuvant (CytRx Corporation, Norcross, Ga.) in a 100-l total volume. For active immunization with viable L. monocytogenes, 6-to 8-week-old mice received intravenous (i.v.) injections (via the tail vein) with a 0.05 to 0.1 50% lethal dose (LD 50 ) of bacteria (500 CFU for the wild-type strain, Lm10403, and [2 to 4] ϫ 10 6 CFU for strain TC-LNS3) in 0.2 ml of phosphatebuffered saline (PBS). For all experiments, normal control mice were injected with 0.2 ml of PBS (i.v.) or 100 l of saline (i.m.) or were not injected. Some groups of mice received a second bacterial immunization 10 to 14 days after the primary injection.
Evaluation of humoral immune responses. Blood was collected from immunized and control mice with a heparinized capillary tube via retro-orbital puncture. The blood was centrifuged, and the plasma was used in a standard enzymelinked immunosorbent assay (ELISA) (3). The ELISA plate wells were coated with 0.1 to 0.5 g of recombinant HCV-NS3 (Mikrogen, Martinsried, Germany) or HCV core proteins (Chiron, Emeryville, Calif.). Horseradish peroxidaseconjugated goat anti-mouse was used as the detection antibody, and o-phenylenediamine was used as the colorimetric detection reagent. Absorbance was measured at 490 nm by using a EL309 ELISA plate reader (Bio-Tek Instruments, Winooski, Vt.).
Depletion of CD4
؉ or CD8 ؉ T cells. CD4 ϩ or CD8 ϩ T-cell subsets were depleted from total splenocytes by antibody and complement treatment or by magnetic bead cell sorting (MACS; Miltenyi Biotec, Auburn, Calif.). For antibody and complement lysis, the spleen cells were incubated with anti-CD4 (GK1.5) or anti-CD8 (19/178C1) monoclonal antibody followed by Low-tox M rabbit complement (Cedarlane Laboratories, Ltd., Hornby, Ontario, Canada). For magnetic cell sorting, total splenocytes were labeled with either R phycoerythrin-conjugated anti-CD4 (H129.19) or anti-CD8b.2 (53-5.8) (PharMingen, San Diego, Calif.). After being labeled with primary antibody, the cells were tagged with paramagnetic beads conjugated to anti-R phycoerythrin antibody and sorted on a magnetized column (Miltenyi Biotec). The percentages of CD4 ϩ and CD8 ϩ cells were assessed by flow cytometry (FACScan; Becton Dickinson, San Jose, Calif.) before and after magnetic separation, demonstrating a Ն93% depletion of the specific T-cell subset from the total splenocyte population (data not shown). The CD4 ϩ -or CD8 ϩ -depleted cell populations were then used for detection of gamma interferon (IFN-␥)-secreting cells by ELISPOT assay. Typically, two spleens from each experimental group were pooled to prepare the cell suspensions. ELISPOT assays. ELISPOT assays were performed 21 to 35 days after the final plasmid immunization or 7 to 9 days following infection with L. monocytogenes. The enumeration of IFN-␥-secreting cells was performed essentially as described previously (8), with some minor changes. RMAS-K d cells were pulsed with a 10 Ϫ5 molar concentration of the individual peptides or peptide pools.
After peptide pulsing and washing, the target cells were placed in the ELISPOT plates (Multiscreen-HA; Millipore Corp., Bedford, Mass.) at a concentration of 10 5 cells/well in RPMI 1640 medium. Single cell suspensions of immune cells from previously immunized mice were prepared in RPMI 1640 (supplemented with 10% fetal calf serum, 200 U of penicillin per ml, 200 g of streptomycin per ml, and 60 U of human recombinant interleukin 2 per ml) and added to the ELISPOT plates at concentrations of 100,000 to 250,000 splenocytes per well. After 24 h of incubation, IFN-␥ secretion by individual cells was detected by sequential incubation with a biotinylated anti-mouse IFN-␥ detection antibody (PharMingen), streptavidin AKP (PharMingen), and BCIP (5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium (KPL, Gaithersburg, Md.), and IFN-␥ positive spots were then enumerated with a Zeiss microscopy unit equipped with KS ELISPOT software (Carl Zeiss MicroImaging, Inc., Thornwood, N.Y.).
Culture activation and chromium release cytotoxicity assays. Spleen cells obtained from normal mice, Listeria-immunized mice (at 2 to 8 weeks following sublethal infection), or plasmid DNA-immunized mice (at 3 to 4 weeks following the final i.m. injection) were cocultured with peptide-pulsed irradiated naive spleen cells (to function as stimulator cells). These stimulator cells were irradiated (3,000 rad from a 137 Cs source) and pulsed for 1 to 2 h with peptide NS3 1407-1421 or NS3 1535-1549 at a concentration of 10 Ϫ5 M. After peptide pulse, the stimulator cells were combined, washed once, and then cocultured at 37°C with the donor spleen cell populations (i.e., those from immunized mice) for 6 days at a donor-to-stimulator-cell ratio of After the peptide pulse, target cells were washed once, resuspended in RPMI 1640 plus 10% FBS, and added in 100-l volumes to 96-well round-bottom microtiter plates at a concentration of 10 4 cells/well. Effector cells were added in 100-l volumes at a concentration of 5 ϫ 10 5 cells/well. Following a 4-h incubation at 37°C, supernatant from each well was collected, relative radioactivity (counts per minute) was determined (MicroBeta Trilux liquid scintillation counter; Perkin-Elmer), and the percent lysis was calculated with the following equation: 100 ϫ (experimental counts per minute Ϫ spontaneous counts per minute)/(total counts per minute Ϫ spontaneous counts per minute). The total number of counts per minute was determined following lysis of the target cells with 5% Triton X-100 (Bio-Rad, Redmond, Calif.).
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In vivo protection. Levels of in vivo protection expressed by immunized mice were determined as previously described (4) . Briefly, groups of normal or immunized mice received an i.v. injection with 1 to 2 LD 50 s of L. monocytogenes in 0.2 ml of PBS at 3 to 4 weeks following the final immunization with plasmid DNA. For BALB/c mice, the i.v. LD 50 s for the Lm10403 wild-type and TC-LNS3 recombinant strains of L. monocytogenes are 10 4 CFU (5) and 3 ϫ 10 7 CFU (data not shown), respectively. Control groups consisted of normal (nonimmunized) mice and mice that were previously immunized (4 to 12 weeks earlier) with a sublethal injection of viable L. monocytogenes. Two days after bacterial challenge, spleens and livers were removed from individual mice and separately homogenized in PBS and serially diluted (in PBS); these dilutions were then plated out on brain heart infusion agar. Following overnight culture at 37°C, the log 10 CFU per gram of tissue values from individual mice were determined, and the mean and standard error of the mean (SEM) values for each group were calculated. The detection limit of this assay is 1.7 to 1.9 log 10 CFU/g. Statistical analyses. Standard one-way analysis of variance (ANOVA) with Tukey posttest was performed by using the Prism software package (GraphPad, San Diego, Calif.).
RESULTS

DNA immunization induces little or no humoral response.
BALB/c mice were immunized with the pUb-core or the pUb-NS3 plasmid DNA constructs three times at 4-week intervals, and blood samples were collected at 4 to 6 weeks after the final immunization. We were unable to detect significant levels of antibody to HCV-NS3 following repeated immunization of BALB/c mice with the pUb-NS3 plasmid construct (of nine mice tested, none were positive). In contrast, pUb-NS3 plasmid DNA immunization followed by protein antigen boost did result in the development of low titers of NS3-specific antibody (in two of two mice). Similarly, mice immunized with pUb-core had undetectable or very low antibody titers against HCV core (2 of 14 mice), while analogous plasmid immunization followed by recombinant antigen boost did induce modest anticore antibody responses (2 of 2 mice).
DNA immunization induces a CD8
؉ T-cell response to HCV NS3 peptides. The cellular response observed in two pUb-NS3 plasmid DNA-immunized mice was measured initially by direct ex vivo ELISPOT assays against pools of 10 overlapping 15-aa peptides covering the entire sequence of the NS3 protein (Fig.  1) . Using additional pUb-NS3-immunized mice, we detected enhanced numbers of IFN-␥-secreting cells that were reactive to peptide pools 11 and 14, corresponding to aa 1407 to 1457 and 1527 to 1577, respectively, of the full-length HCV polypeptide ( Fig. 2A) To determine whether the HCV-specific response was CD4 ϩ -or CD8 ϩ -T-cell mediated, we first depleted splenocyte populations of either CD4 ϩ or CD8 ϩ cells by treatment with antibody and complement, and we then compared the depleted populations to the total number of splenocytes in ELISPOT assays. The number of IFN-␥-secreting cells responding to NS3 1407-1421 , NS3 1535-1549 , or peptide pools 11 or 14 was reduced markedly by CD8 ϩ T-cell depletion, whereas depletion of CD4 ϩ T cells had little or no effect (Fig. 2B) . In a separate experiment, CD4 ϩ or CD8 ϩ cells from pUb-NS3-immunized mice were depleted by magnetic cell sorting, and ELISPOT assays were performed with target cells that had been pulsed with NS3 1407-1421 . Again, the reactivity (i.e., the number of IFN-␥-secreting cells) to NS3 1407-1421 was markedly reduced by CD8 ϩ T-cell depletion, but not by CD4 ϩ T-cell depletion, of the total spleen cell population derived from pUb-NS3-immunized mice (data not shown). These data demonstrate that immunization of BALB/c mice with the pUb-NS3 vaccine construct induces activation of CD8 ϩ CTL against two different H2 d -restricted NS3 peptide epitopes. Immunization with recombinant L. monocytogenes induces a specific response to NS3 epitopes. Based on previous observations of other experimental models (17, 24, 41) , we suspected that infection of mice with recombinant L. monocytogenes expressing HCV antigens should also induce HCV-specific CTL responses. To examine this possibility, mice were infected with sublethal doses of TC-LNS3 and in vivo induction of NS3 peptide-specific T-cell responses was determined by subsequent ELISPOT assays. After a single immunization with TC-LNS3, an LLO 91-99 -specific T-cell response was detected but NS3-specific responses were limited or were present only at background levels (Fig. 3A) . However, after a second immunization with the recombinant TC-LNS3, donor mice developed a relatively strong response to the 15-mer peptides NS3 1407-1421 and NS3 1535-1549 as well as to the shorter NS3 1540-1548 peptide (Fig. 3A) . These results confirm that TC-LNS3 expresses NS3 protein that is available for immune presentation.
In a separate experiment, CD4 ϩ or CD8 ϩ T cells from mice immunized twice with TCL-NS3 were depleted by magnetic cell sorting and ELISPOT assays were performed with target cells that had been pulsed with NS3 peptides. Notably, partial depletion of CD8 ϩ T cells ( cytolytic, we subsequently conducted in vitro chromium release cytotoxicity assays. Spleen cells from naive or immunized mice (i.e., with three immunizations with pUb-NS3 or a single immunization with TC-LNS3) were stimulated in vitro with peptide-pulsed irradiated splenocytes and then used in cytotoxicity assays. Following culture stimulation of these immune donor cells with peptides NS3 1535-1549 or NS3 1407-1421, we detected a strong cytotoxic activity against target cells that had been pulsed with peptide NS3 1407-1421 or the peptides NS3 1535-1549 and NS3 1540-1548 , respectively (Fig. 4) .
DNA immunization protects mice against challenge with recombinant L. monocytogenes. Numerous studies have demonstrated that expression of in vivo protection against challenge with virulent L. monocytogenes is dependent on antigen-specific CTL. To evaluate similar effector function of the NS3-specific T cells induced following DNA vaccination, BALB/c mice were immunized with either the pUb-NS3 or the pUbcore plasmid DNA constructs and then challenged either with the recombinant L. monocytogenes strain TC-LNS3 (producing the HCV NS3 protein) or with wild-type L. monocytogenes (Lm10403). Two days after challenge, the numbers of viable bacteria in the spleens and livers of individual mice were determined by plating organ homogenates on brain heart infusion agar. The results of these assays (Fig. 5) demonstrated that pUb-NS3-immunized mice exhibited significantly (P Ͻ 0.001) lower bacterial loads in the spleen (4.81 log CFU/g) following challenge with TC-LNS3 than did naive controls (6.41 log CFU/g) or pUb-core-immunized mice (6.13 log CFU/ g). In this experiment, reduced bacterial counts were also seen for the liver homogenates obtained from pUb-NS3-immunized mice compared to similar liver homogenates obtained from naive controls and pUb-core-immunized mice (4.08 log CFU/g versus 4.52 and 4.69 log CFU/g, respectively); however, these differences were not statistically significant (P Ն 0.05). Notably, none of the pUb-NS3-or pUb-core-immunized mice were protected against challenge with wild-type L. monocytogenes (Fig. 5) . In four different experiments, the level of protection (i.e., the difference in the mean log 10 CFU values between pUb-NS3-immunized and nonimmune control mice) observed in the spleen ranged from 1.11 to 1.95 log units, whereas the level of protection observed in the liver was always reduced, ranging from 0.44 to 0.84 log units.
DISCUSSION
In the absence of a suitable small-animal model for HCV infection, experimental studies evaluating protective immunity against HCV have been limited to those conducted with the chimpanzee model (10) . Nevertheless, novel strategies have been proposed in attempts to develop small-animal models of in vivo HCV replication and pathogenesis (25, 32) , and it has been reported that HCV can infect and replicate within tree shrews (47) . Although such models may prove suitable for testing antiviral compounds, they will probably be of little use for immunological and vaccination studies. The protective efficacy of any experimental vaccine formulation can best be assessed in an in vivo bioassay model, and to date both stably transfected cell lines and recombinant vaccinia virus expressing HCV antigens have been used to simulate a challenge with HCV (16, 23, 44, 45) . Since L. monocytogenes exhibits a hepatotropic intracellular phenotype, we propose that recombinant L. monocytogenes expressing HCV antigens provides another useful challenge model for the evaluation of HCV-specific CTL responses. While early innate protection against L. monocytogenes infection is largely dependent on natural killer cells FIG. 5 . Mice immunized with the pUbNS3 DNA vaccine exhibit specific protection against the recombinant L. monocytogenes strain TC-LNS3. BALB/c mice that had been immunized with the pUb-NS3 or pUb core DNA vaccine constructs or with wild-type L. monocytogenes were challenged with the recombinant L. monocytogenes strain TC-LNS3 (expressing the HCV NS3 protein) or with the wild-type strain (Lm10403). After 48 h, viable bacterial counts in the spleen (A) and the liver (B) were determined. The pUbNS3-immunized mice exhibited specific protection against challenge with strain TC-LNS3 but not against challenge with wild-type Lm10403. This observed protection was significant (P Ͻ 0.001) in the spleen but not the liver (P Ͼ 0.05) by one-way ANOVA with the Tukey posttest. In this experiment, four mice were used for the pUb-NS3-immunized group challenged with TC-LNS3, and two mice were used for each of the remaining groups. The data are representative of four separate experiments. ϩ T-cell-dependent protective immunity against challenge with L. monocytogenes after immunization with plasmid DNA vaccines encoding LLO (6) . In the studies reported here, we have used recombinant bacteria expressing the HCV NS3 protein for the in vivo assay of protective immunity following immunization of mice with DNA vaccines encoding HCV antigens. The data provided demonstrate that vaccination of BALB/c mice with the pUb-NS3 plasmid DNA construct (encoding a ubiquitin-NS3 fusion protein) induces an NS3-specific T-cell response in the absence of significant antibody production. Furthermore, this T-cell response confers immune protection against subsequent challenge with recombinant L. monocytogenes (TC-LNS3) which secretes the HCV NS3 protein.
Since CD8 ϩ T-cell responses presumably play a major role in protective immunity to HCV infection (11, 14, 31, 40) , we employed plasmid DNA vectors that were designed to enhance CD8 ϩ T-cell stimulation through efficient major histocompatibility complex (MHC) class I presentation via ubiquitination and proteosome processing. This enhancement of MHC class I presentation can result in a concomitant reduction of the humoral response, as reported here, and this observation is consistent with previous findings which indicated that immunization with DNA vaccine vectors encoding ubiquitin fusion proteins favors enhanced CTL responses and decreased antibody responses (15, 36, 42, 46) . Indeed, the immune cell populations induced following pUb-NS3 vaccination of BALB/c mice included peptide-specific CD8 ϩ T lymphocytes that secrete IFN-␥ following coculture with target cells pulsed with two NS3 peptides, designated NS3 1407-1421 and NS3 1535 (Fig. 1 ) might have precluded us from identifying other potential epitopes encoded by these divergent sequences. A search of National Center for Biotechnology Information's GenBank reveals that most of the amino acid changes observed in our sequence have been reported in genotype 1a or 1b clinical HCV isolates. However, the serine-toglycine change at position 1465 (S1465G) is likely a PCR or cloning error, as this position is invariant among the described isolates. Likewise, the K1094T and Q1106K substitutions, as well as the stop codon at position 1632, are not seen in genotype 1a or 1b isolates and probably also represent PCR or cloning errors. Thus, our findings indicate that at least two H2 (2) , whereas our genotype 1a-derived peptides induced both IFN-␥ secretion and target-cell lysis by NS3-specific T cells.
The induction of these immune NS3-specific CD8 ϩ T cells correlated with the expression of in vivo protection against the NS3 recombinant (TC-LNS3), but not the wild-type (Lm10403), L. monocytogenes strains. As indicated by the reduced numbers of bacteria recovered from spleen homogenates, this level of protection was highly significant (P Ͻ 0.001) in pUb-NS3-immunized mice relative to that observed in naive or pUb-core-immunized mice. In contrast, although TC-LNS3 bacterial counts in the livers of immunized mice were reduced nearly three-to fourfold (a log unit difference of 0.44 to 0.84) compared to those in the livers of naive mice, this difference was not significant (P Ն 0.05). At this point, it is unclear whether the differential response is due to variable levels of infection or bacterial clearance of L. monocytogenes relative to the spleen and liver or to actual differences in the cellular response to or expression of HCV antigens in the spleen versus the liver. Clearly, HCV-specific effector cells are being induced by plasmid immunization; however, expression of their in vivo function may be blunted by the reported tolerogenic environment of the liver tissue (28) . In contrast, evidence suggests that for some pathogens, including L. monocytogenes, effective immune responses to infected hepatocytes can be generated and maintained (21, 22, 26) . We have also extensively evaluated the induction of protective immunity to challenge with L. monocytogenes following immunization of mice with DNA vaccines which encode the bacterial hemolysin LLO (12) , and recent observations suggest that the level of protection (as indicated by reduced numbers of bacteria that are present in tissue homogenates 48 h postinfection) is not as pronounced in the liver as in the spleen (our unpublished observations). Additional studies evaluating the kinetics of the relative bacterial loads in these tissues following the challenge of naive versus immunized mice should help clarify this issue.
In the data reported here, mice immunized with viable wildtype L. monocytogenes (Lm10403) were more protected from challenge with TC-LNS3 than were the pUb-NS3-immunized mice. Presumably, this finding reflects the fact that the L. monocytogenes strains Lm10403 and TC-LNS3 share numerous antigens, including the immunodominant LLO antigen, that are recognized by protective CD8 ϩ T cells following sublethal bacterial infection. In contrast, the pUb-NS3-immunized mice have been exposed to only one antigen (i.e., NS3) expressed by the NS3 recombinant strain L. monocytogenes TC-LNS3. Thus, competition with other L. monocytogenes-derived peptides for MHC class I molecules may limit, to some degree, the level of in vivo NS3 peptide presentation by the TC-LNS3-infected host cells to the NS3-specific T cells.
Since other investigators have previously demonstrated induction of CTL responses to heterologous antigens expressed by recombinant L. monocytogenes, we were interested in comparing the CD8 ϩ T-cell responses induced in mice that had been immunized with either the pUb-NS3 plasmid or the NS3 recombinant L. monocytogenes strain. As indicated by ELIS-POT assays, naive mice infected with recombinant L. monocytogenes TC-LNS3 appeared to respond more strongly to NS3 1535-1549 than to NS3 1407-1421 , whereas the strength of the response to these two peptides was more similar in pUb-NS3-immunized mice. Further characterization of the immune responses generated by the plasmid DNA and recombinant bacterial constructs will be necessary to verify any qualitative differences that may develop in these experimental mice.
In conclusion, this experimental model of challenge with recombinant strains of L. monocytogenes offers a novel in vivo method for the evaluation of HCV vaccine efficacy. Notably, this model will allow us to further evaluate cellular immune responses to HCV antigen expression in murine liver. We hope that extending these studies to other new, unique small-animal models of clinical significance will facilitate the evaluation of effective vaccines that will eventually provide protection against this chronic infectious disease. 
